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摘  要: ???????????????, ???????????????????????????
????????????, ?????????????????????????????????, ?
???????????????????????????????????? LA-MC-ICPMS????
????, ??????????-????????, ???????????????????????
??? Neptune Plus ?????????????? RESOlution M-50 ???(193 nm)????????, 
????-??-???????????, ???????? IAEA B4 ?????, ??????????
???? IMR RB1 ?????????, ???????????????IMR RB1 ? δ11B ?????
(–13.34±0.20)‰ (1σ, n=25), ????????(–12.96±0.49)‰ (1σ)??????????????????
?????????-????????????????????????????????? δ11B ??
??????, ????????????????, ?????–13‰ ~ –18‰??, ?????????
???????????????????????????????????????????????
???????–13‰ ~ –11‰, ????????, ????????????????????????
???? U-Pb??????, ???????????????????????????????? 
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In-situ boron isotopic analyses of tourmalines by LA-MC-ICPMS and its application to 
provenance analyses: A case study for the Ailaoshan Belt 
NIE Xiao-song1,2, XIA Xiao-ping1*, ZHANG Le1, REN Zhong-yuan1 and LI Ling1,2 
1. State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 
510640, China; 
2. University of Chinese Academy of Sciences, Beijing 100049, China 
Abstract: Boron isotope compositions of nature materials generally show large variations which can be used to 
study nebula formation, crust and mantle interaction of the Earth, slab subduction process, sedimentary 
environment discrimination, genesis of ore deposit, water environmental geochemistry and paleo-environmental 
reconstruction of ocean. Tourmaline is the most important boron-bearing mineral, and ideal for boron isotope 
analyses. In this study we utilized a Neptune Plus multi-collector ICPMS coupled with a RESOlution M-50 
excimer laser ablation system to analyse boron isotope of tourmalines. The IAEA B4 standard tourmaline was used 
as an external standard to calibrate instrument isotope fractionation. An in-house standard IMR RB1 was used as 
an unknown sample to test the reliability of the method. Twenty-five spot analytical data obtained for IMR RB1 
yield a weighted mean of (–13.34±0.20)‰ (1σ), which is well consistent with the previous result ((–12.96 ± 
0.49)‰, 1σ). The method was applied to the detrital tourmalines separated from the Silurian to Devonian 
sedimentary samples collected from the Ailaoshan Belt. Our results show a remarkable difference in δ11B values 
between samples collected from different sides of Paleo-Tethys suture. Detrital tourmalines from the Simao side 
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are originated from a complicated source, whose δ11B has peak values of –13‰ ~ –18‰, indicating affection of 
nonmarine evaporates and metamorphic fluid or highly evolved magma. Meanwhile, detrital tourmalines from the 
Yangtze side has δ11B peak values of –13‰ ~ –11‰, implying a relatively simple source and affection of fluid 
from subduction slabs. These results indicate different provenances for the two sides of Paleo-Tethys suture in the 
Silurian-Devonian, which are consistent with our previous detrital zircon U-Pb data. 
Key words: LA-MC-ICPMS; boron isotope; detrital tourmaline; Ailaoshan Belt; Paleotethys 
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? 1 ??????????????? 
Fig.1 Simplified geological map of the Ailaoshan belt and its adjacent region 
? 1990????????[48]? Wang et al.[49]?? 
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2 ???? 
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??????????, ??? ????????, 
???????? 1000????????????
?????????? 200 ?, ???????, 
????????????, ?????????
???????/????? BSE??, ?????
??, ???????????????????
?, ????????????????, ???
???????(? 3)? 
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? 2 ??-?????????-????? 
??????? 
Fig.2 Silurian to Devonian stratigraphic columns of Mojiang-Lvchun 
and Jianshui regions and sample locations 
? 1990????????[48]? Wang et al.[49]?? 
??????????????????????
Thermo Scientific????? Neptune Plus????
??????????????? Resonetics LLC 
????? RESOlution M-50 ?????????
?????: ???? 45 μm, ???? 5 Hz, ??
???? 100 mJ, ?? 50%??????????
??????????? He???????, ??
??? Ar????? MC-ICPMS??????10B
? 11B??????? L3? H3????????
??????????????????????
????? IAEA B4 [26–27]?????????, ?
???????????????????? 0.131 s, 
??? 400 ???, ?? 200 ???????(??
??), ????? 54 s??????????? 30 s
???????????????10B? 11B???
??? 0.5 V? 2.3 V??, ??????????
0.003 V? 0.01 V?????????? 10???
????????? 2 ????, ? 4 ?????
????????????, ?????????
???????? IAEA B4 ((δ11B?(–8.71 ± 0.18)‰)
?????, ????????????????
???? IMR RB???????, ??????
25? IMR RB1?????? δ11B??(? 1)???
???(–13.34±0.20)‰ (1σ, ? 4), ?????[32]?
??(–12.96±0.49)‰ (1σ)????????? 
 
? 3 ??????? BSE?????? δ11B? 
Fig.3 BSE images of some detrital tourmalines and corresponding δ11B values 
δ11B (‰) = [(11B/10B)??/(11B/10B)NIST SRM 951−1]×1000, ??????????, ????? δ11B? 
The red circles indicate the analytical spots. Numbers near the analytical spots are the δ11B values 
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表 1 电气石标样 IMR RB1 硼同位素测试结果 
Table 1 Analytical results of the tourmaline standard IMR RB1 
???? δ11B(‰) 1σ 
IMR RB1-01 –13.48 0.52 
IMR RB1-02 –13.27 0.54 
IMR RB1-03 –13.09 0.52 
IMR RB1-04 –13.72 0.52 
IMR RB1-05 –13.04 0.53 
IMR RB1-06 –13.23 0.51 
IMR RB1-07 –13.17 0.51 
IMR RB1-08 –13.34 0.52 
IMR RB1-09 –13.37 0.52 
IMR RB1-10 –13.44 0.52 
IMR RB1-11 –13.43 0.55 
IMR RB1-12 –13.25 0.52 
IMR RB1-13 –13.59 0.51 
IMR RB1-14 –13.50 0.52 
IMR RB1-15 –13.62 0.52 
IMR RB1-16 –13.23 0.52 
IMR RB1-17 –12.91 0.53 
IMR RB1-18 –13.32 0.52 
IMR RB1-19 –13.27 0.52 
IMR RB1-20 –13.69 0.52 
IMR RB1-21 –13.25 0.52 
IMR RB1-22 –13.64 0.53 
IMR RB1-23 –13.47 0.51 
IMR RB1-24 –13.05 0.53 
IMR RB1-25 –13.25 0.52 
 
? 4 ????? IMR RB1 δ11B???? 
Fig.4 Analytical results of the tourmaline standard IMR RB1 
 
3 ???? 
??????????????, ?????
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?????????, ?????????, ???
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CLX63 ???? 60 ????, ??? δ11B ???
–24.91‰ ~ 8.73‰??, ???????????, 
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14.65‰?? , ???????? 1 ????
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4 ? ? 
??????? 3 ????????(CLX55, 
CLX61, CLX63)?????? δ11B ??????
–21‰ ~ –1‰, ???????(? 5a, ? 5b, ? 5c
?? 6a), ?????????????-????
??????????????????? ,  ?
δ11B ??????, ?????????????
 第 5 期  聂小松等: 碎屑电气石的 LA-MC-ICPMS 硼同位素原位微区分析及其源区示踪: 以哀牢山构造带为例 443 
 
 
NIE Xiao-song et al.: In-situ boron isotopic analyses of tourmalines by LA-MC-ICPMS and its application to provenance analyses 
 
表 2 碎屑电气石硼同位素测试结果 
Table 2 LA-MC-ICPMS in-situ boron isotopic analyses of detrital tourmalines 
???? δ11B (‰) 1σ ???? δ11B(‰) 1σ ???? δ11B(‰) 1σ 
CLX04-01 –13.12 0.53 CLX04-51 –13.89 0.54 CLX05-41 –4.13 0.65 
CLX04-02 –17.41 0.54 CLX04-52 –12.02 0.55 CLX05-42 –8.08 0.55 
CLX04-03 14.65 0.53 CLX04-53 –10.73 0.53 CLX05-43 –14.65 0.57 
CLX04-04 –11.22 0.56 CLX04-54 –15.57 0.55 CLX05-44 –8.97 0.54 
CLX04-05 –11.13 0.56 CLX04-55 –5.86 0.54 CLX05-45 –3.73 0.55 
CLX04-06 –12.63 0.53 CLX04-56 2.91 0.54 CLX05-46 –13.77 0.55 
CLX04-07 –9.54 0.52 CLX04-57 –5.85 0.52 CLX05-47 –16.41 0.55 
CLX04-08 –4.29 0.53 CLX04-58 –9.46 0.52 CLX05-48 –12.24 0.54 
CLX04-09 –10.54 0.53 CLX04-59 –11.41 0.53 CLX05-49 –7.99 0.55 
CLX04-10 –11.22 0.53 CLX04-60 –13.72 0.53 CLX05-50 –11.82 0.57 
CLX04-11 –3.78 0.53 CLX05-01 –7.73 0.53 CLX05-51 –10.53 0.55 
CLX04-12 –11.59 0.53 CLX05-02 –11.37 0.53 CLX05-52 –12.09 0.53 
CLX04-13 –11.42 0.54 CLX05-03 –14.37 0.53 CLX05-53 –15.22 0.53 
CLX04-14 –11.89 0.62 CLX05-04 0.91 0.53 CLX05-54 –11.14 0.53 
CLX04-15 –9.30 0.55 CLX05-05 –12.28 0.53 CLX05-55 –12.14 0.55 
CLX04-16 –11.29 0.55 CLX05-06 –7.84 0.55 CLX05-56 –14.21 0.54 
CLX04-17 –10.12 0.54 CLX05-07 –7.75 0.53 CLX19-01 –13.20 0.53 
CLX04-18 –16.49 0.53 CLX05-08 –10.93 0.53 CLX19-02 –12.11 0.53 
CLX04-19 –8.41 0.55 CLX05-09 –8.73 0.55 CLX19-03 –12.43 0.53 
CLX04-20 –6.94 0.56 CLX05-10 –4.75 0.53 CLX19-04 –10.63 0.54 
CLX04-21 –11.11 0.56 CLX05-11 –13.10 0.54 CLX19-05 –13.30 0.53 
CLX04-22 –11.13 0.56 CLX05-12 –12.41 0.53 CLX19-06 –12.91 0.58 
CLX04-23 –8.00 0.53 CLX05-13 –1.45 0.54 CLX19-07 –13.70 0.57 
CLX04-24 –6.60 0.54 CLX05-14 –11.63 0.55 CLX19-08 –12.12 0.56 
CLX04-25 –9.73 0.56 CLX05-15 –17.20 0.52 CLX19-09 –12.51 0.56 
CLX04-26 –5.72 0.53 CLX05-16 –8.04 0.53 CLX19-10 –11.87 0.54 
CLX04-27 –15.20 0.55 CLX05-17 0.08 0.53 CLX19-11 –11.99 0.54 
CLX04-28 –6.29 0.53 CLX05-18 –6.18 0.53 CLX19-12 –11.32 0.54 
CLX04-29 –13.75 0.53 CLX05-19 0.68 0.53 CLX19-13 –16.53 0.53 
CLX04-30 –3.91 0.54 CLX05-20 –6.24 0.54 CLX19-14 –13.02 0.53 
CLX04-31 –8.80 0.54 CLX05-21 –10.42 0.55 CLX19-15 –16.27 0.53 
CLX04-32 –8.19 0.53 CLX05-22 –10.62 0.55 CLX19-16 –12.86 0.54 
CLX04-33 –11.66 0.56 CLX05-23 –10.52 0.58 CLX19-17 –12.84 0.54 
CLX04-34 –7.18 0.53 CLX05-24 –6.94 0.57 CLX19-18 –4.01 0.55 
CLX04-35 –11.92 0.56 CLX05-25 –3.79 0.54 CLX19-19 –12.95 0.55 
CLX04-36 –12.08 0.57 CLX05-26 –4.72 0.56 CLX19-20 –12.03 0.54 
CLX04-37 –11.20 0.54 CLX05-27 –11.47 0.54 CLX19-21 –8.75 0.56 
CLX04-38 –15.70 0.53 CLX05-28 –11.08 0.53 CLX19-22 –12.81 0.53 
CLX04-39 –9.42 0.53 CLX05-29 –11.66 0.54 CLX19-23 –13.56 0.53 
CLX04-40 –9.91 0.55 CLX05-30 –11.63 0.55 CLX19-24 –11.70 0.55 
CLX04-41 –9.30 0.54 CLX05-31 –12.78 0.60 CLX19-25 –10.64 0.56 
CLX04-42 –9.08 0.53 CLX05-32 –2.74 0.55 CLX19-26 –12.20 0.55 
CLX04-43 –12.69 0.52 CLX05-33 –12.66 0.59 CLX19-27 –13.46 0.56 
CLX04-44 –10.80 0.55 CLX05-34 –15.85 0.53 CLX19-28 –9.23 0.57 
CLX04-45 –10.68 0.53 CLX05-35 –10.79 0.57 CLX19-29 –13.68 0.54 
CLX04-46 –11.78 0.58 CLX05-36 –11.47 0.62 CLX19-30 –13.82 0.54 
CLX04-47 –13.54 0.54 CLX05-37 –11.98 0.56 CLX19-31 –14.06 0.54 
CLX04-48 –13.44 0.53 CLX05-38 –0.36 0.55 CLX19-32 –13.18 0.56 
CLX04-49 –11.63 0.55 CLX05-39 –9.19 0.54 CLX19-33 –11.44 0.53 
CLX04-50 –14.01 0.58 CLX05-40 –11.08 0.53 CLX19-34 –12.70 0.53 
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 (续表 2) 
???? δ11B (‰) 1σ ???? δ11B(‰) 1σ ???? δ11B(‰) 1σ 
CLX19-35 –11.88 0.53 CLX55-28 –17.63 0.58 CLX61-21 –17.54 0.58
CLX19-36 –12.99 0.54 CLX55-29 –14.08 0.61 CLX61-22 –17.87 0.53
CLX19-37 –13.15 0.54 CLX55-30 –14.29 0.58 CLX61-23 –8.33 0.54
CLX19-38 –12.16 0.54 CLX55-31 –14.77 0.57 CLX61-24 –14.97 0.53
CLX19-39 –12.38 0.53 CLX55-32 –13.98 0.59 CLX61-25 –4.57 0.54
CLX19-40 –11.75 0.54 CLX55-33 –19.64 2.83 CLX61-26 –11.08 0.54
CLX19-41 –18.55 0.54 CLX55-34 –9.45 0.54 CLX61-27 –11.29 0.54
CLX19-42 –13.32 0.55 CLX55-35 –16.88 0.74 CLX61-28 –12.51 0.53
CLX19-43 –11.52 0.54 CLX55-36 –19.32 0.60 CLX61-29 –16.37 0.57
CLX19-44 –11.91 0.55 CLX55-37 –12.64 0.58 CLX61-30 –8.76 0.54
CLX19-45 –12.79 0.55 CLX55-38 –9.84 0.64 CLX61-31 –14.60 0.56
CLX19-46 –11.11 0.58 CLX55-39 –15.29 0.58 CLX61-32 –10.95 0.54
CLX19-47 –13.27 0.54 CLX55-40 –10.33 0.60 CLX61-33 –15.33 0.54
CLX19-48 –10.39 0.55 CLX55-41 –2.23 0.67 CLX61-34 –11.70 0.52
CLX19-49 –12.21 0.55 CLX55-42 –18.67 0.57 CLX61-35 –15.21 0.53
CLX19-50 –14.46 0.55 CLX55-43 –11.09 0.69 CLX61-36 –16.25 0.54
CLX19-51 –14.08 0.57 CLX55-44 4.16 0.59 CLX61-37 –11.14 0.55
CLX19-52 –12.51 0.55 CLX55-45 –15.69 0.62 CLX61-38 –12.35 0.55
CLX19-53 –13.14 0.54 CLX55-46 –2.37 0.81 CLX61-39 –12.10 0.54
CLX19-54 –14.20 0.55 CLX55-47 –6.52 0.55 CLX61-40 –15.12 0.53
CLX19-55 –14.31 0.58 CLX55-48 –7.85 0.82 CLX61-41 –10.95 0.55
CLX19-56 –13.18 0.54 CLX55-49 –12.92 0.73 CLX61-42 –2.94 0.54
CLX19-57 –12.30 0.55 CLX55-50 –12.50 0.56 CLX61-43 –14.82 0.56
CLX19-58 –13.89 0.56 CLX55-51 –9.44 0.57 CLX61-44 –15.10 0.60
CLX19-59 –12.05 0.55 CLX55-52 –14.59 0.59 CLX61-45 –15.30 0.54
CLX19-60 –10.75 0.58 CLX55-53 –7.90 0.61 CLX61-46 –15.94 0.54
CLX55-01 –10.73 0.54 CLX55-54 –5.78 0.63 CLX61-47 1.20 0.57
CLX55-02 –9.62 0.54 CLX55-55 –6.98 0.58 CLX61-48 –14.58 0.54
CLX55-03 –6.64 0.55 CLX55-56 –11.72 0.54 CLX61-49 –10.84 0.56
CLX55-04 –11.61 0.56 CLX55-57 –8.77 0.60 CLX61-50 –13.15 0.55
CLX55-05 –18.05 0.56 CLX55-58 –13.48 0.60 CLX61-51 –13.02 0.54
CLX55-06 –13.62 0.61 CLX55-59 –9.84 0.57 CLX61-52 –12.99 0.55
CLX55-07 –18.37 0.56 CLX55-60 –8.03 0.58 CLX61-53 –17.55 0.52
CLX55-08 –11.77 0.60 CLX61-01 –10.18 0.52 CLX61-54 –11.56 0.54
CLX55-09 –8.95 0.56 CLX61-02 –12.45 0.53 CLX61-55 –20.04 0.52
CLX55-10 –11.54 0.59 CLX61-03 –12.84 0.51 CLX61-56 –12.54 0.52
CLX55-11 –13.38 0.62 CLX61-04 –10.35 0.52 CLX61-57 –12.55 0.53
CLX55-12 –10.33 0.58 CLX61-05 –16.89 0.53 CLX61-58 –14.26 0.54
CLX55-13 –13.56 0.57 CLX61-06 –14.13 0.55 CLX61-59 –13.25 0.52
CLX55-14 –17.77 0.57 CLX61-07 –12.36 0.53 CLX61-60 –10.40 0.53
CLX55-15 –1.28 0.56 CLX61-08 –16.62 0.54 CLX63-01 –16.09 0.53
CLX55-16 –12.42 0.61 CLX61-09 –19.30 0.55 CLX63-02 –13.71 0.53
CLX55-17 –3.55 0.56 CLX61-10 –10.97 0.52 CLX63-03 –16.35 0.53
CLX55-18 –13.67 0.56 CLX61-11 –7.66 0.54 CLX63-04 8.73 0.54
CLX55-19 2.50 0.56 CLX61-12 –18.78 0.54 CLX63-05 –10.46 0.53
CLX55-20 –17.26 0.55 CLX61-13 –16.67 0.53 CLX63-06 –12.93 0.54
CLX55-21 –15.56 0.58 CLX61-14 –16.88 0.53 CLX63-07 –14.90 0.55
CLX55-22 –12.61 0.58 CLX61-15 –10.07 0.55 CLX63-08 –8.95 0.53
CLX55-23 –16.96 0.57 CLX61-16 9.09 0.55 CLX63-09 –12.91 0.65
CLX55-24 –11.05 0.56 CLX61-17 –9.58 0.57 CLX63-10 0.30 0.54
CLX55-25 –14.54 0.56 CLX61-18 –14.34 0.53 CLX63-11 –14.09 0.53
CLX55-26 1.85 0.56 CLX61-19 –14.15 0.53 CLX63-12 –16.99 0.53
CLX55-27 –11.16 0.58 CLX61-20 –8.74 0.55 CLX63-13 –13.32 0.52
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 (续表 2) 
???? δ11B (‰) 1σ ???? δ11B(‰) 1σ ???? δ11B(‰) 1σ 
CLX63-14 –12.15 0.53 CLX63-30 –19.72 0.54 CLX63-46 –21.08 0.53
CLX63-15 –17.71 0.54 CLX63-31 –16.46 0.54 CLX63-47 –14.68 0.53
CLX63-16 –11.13 0.57 CLX63-32 –14.66 0.55 CLX63-48 –2.48 0.56
CLX63-17 –13.89 0.54 CLX63-33 –13.34 0.54 CLX63-49 –7.49 0.53
CLX63-18 –16.41 0.53 CLX63-34 –14.47 0.57 CLX63-50 –13.61 0.53
CLX63-19 –11.89 0.54 CLX63-35 –13.35 0.52 CLX63-51 –18.03 0.54
CLX63-20 –9.37 0.54 CLX63-36 –11.00 0.54 CLX63-52 –14.10 0.52
CLX63-21 –24.91 0.55 CLX63-37 –17.18 0.52 CLX63-53 –14.00 0.53
CLX63-22 –13.13 0.53 CLX63-38 –12.77 0.52 CLX63-54 –19.31 0.53
CLX63-23 –11.84 0.53 CLX63-39 –13.28 0.52 CLX63-55 –16.54 0.53
CLX63-24 –14.55 0.55 CLX63-40 –8.44 0.55 CLX63-56 –15.78 0.52
CLX63-25 –8.01 0.53 CLX63-41 –13.93 0.54 CLX63-57 –12.60 0.53
CLX63-26 –8.74 0.59 CLX63-42 –6.62 0.53 CLX63-58 –8.85 0.52
CLX63-27 –17.30 0.58 CLX63-43 –12.71 0.55 CLX63-59 –14.84 0.53
CLX63-28 –9.29 0.54 CLX63-44 –13.52 0.52 CLX63-60 –12.02 0.53
CLX63-29 –12.22 0.53 CLX63-45 –9.49 0.52    
 
? 5 ??????????????-?????????????????????? 
Fig.5 Detrital tourmalines δ11B probability histograms for the analyzed samples from the Ailaoshan belt and the western margin of the Yangtze Block 
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? 6 ?????????????-???????????(Nie et al., in review)??????????????? 
Fig.6 Summary of detrital tourmalines δ11B distributions for this study and detrital zircon age distributions for previous study of sedimentary rocks 
from the Ailaoshan belt and the western margin of the Yangtze Block 
 
 
?????????????? 37%~42%(?? 39%)
?????? δ11B??????????????
?? δ11B?(–14‰ ~ –10‰)??[4,13,41,51–53], ???
??????????????[4,40]???????
? , ? ? ? ? ? ? ? ? ? ? ? ? (–16.0‰ ~ 
–17.1‰)[4,40]??????????????????
???? (–23‰ ~ –13.9‰)[4,54,55]????????
???????[56–57]??????????, ??
??? 30%~44% (?? 38%)?????????
?(??–14‰)??????????????? 
??????? 3 ??? (CLX04, CLX05, 
CLX19)??????????????????
???, δ11B?????–16‰ ~ –1‰, ?????
?????????, ?????–12‰(? 5d,? 5e, 
? 5f, ? 6b), ?????????????3 ??
??? 47%~78%(?? 58%)?????????
δ11B ???????????????? δ11B 
(–14‰ ~ –10‰)???, ???????[4], ???
??????????????[40]; ??????
???–14‰????????? 10%~16%(??
13%), ?????????????, ?????
???????????????; ??????
????(?? 27%)????????????(?
?–10%), ??????????????? [58–60]
???????????????????[4,5,61]? 
??????????????????? , 
??????????????????????
????, ???????? δ11B ?????, ?
???, ???????? δ11B ?????, ??
??, ????????????(? 5,? 6)???
?????????????????, ????
??????????????????????
?????????????(? 6c,? 6d), ???
?????????-????????????
??, ??????? 400~500 Ma? 900~1000 Ma, 
???????????, ??????????, 
???????????????? [49,62,63]; ??
???????????-??????????
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???? 730~1000 Ma, ???????????
???, ??????????-??-?????
????[45,63–66]????????[63]? 
5 ? ? 
(1) ???? IMR RB1 δ11B ?? (–13.34± 
0.20)‰ (1σ), ???????????, ????
?????????????????????
LA-MC-ICPMS????????????? 
(2) ??????????????????
????-?????????????????
???, ????, ??????????? 
(3) ??????????????????
??-???????????????????
?, ????, ????????, ????????
???????????????????????? 
(4) ??????????????????
????????????, ?????????
??, ???????????-????????
????????????????????? 
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